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Abstract 
In this paper, we research the efficiency of thermal neutron detection for two kinds of micro channel plates (MCP): 
natGd2O3 coated MCP and natGd doped MCP. Monte Carlo simulation results show that both MCPs can achieve high 
detection efficiency for 25.3meV neutron of about 70% and 60% respectively. The spatial resolution of them is better 
than 100ȝm. Atomic layer deposition (ALD) technique is used to implement the natGd2O3 film coating process, and 
~100nm natGd2O3 film on the inner surface of MCP pores has been realized. 
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1. Introduction 
As a non-destructive testing method, neutron radiography shows wide application in scientific and 
industrial field [1]. To improve the performance of neutron imaging, the performance of both the neutron 
beam and the neutron detector should be increased [2] [3]. To be an excellent neutron detector for this 
application, high detection efficiency and fine spatial resolution are necessary. Higher detection efficiency 
can always be achieved with enlarged detection volume, for example, larger 3He or BF3 counter and 
thicker lithium glass. But larger volume might lead to worse spatial resolution caused by possibly longer 
ionization track or scattering related photon distribution. A compromise between higher efficiency and 
finer spatial resolution should be conducted.  
In this paper, we research the idea of high efficiency thermal neutron detection with fine spatial 
resolution using the micro channel plate (MCP) concept. To acquire fine spatial resolution, capability of 
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localizing charged particle within short range is necessary. Gas is excluded due to its poor stopping power 
for energetic charged particles and solid or liquid material is the better choice. MCP, as a kind of solid 
detector, consisting of millions of 8~15ȝm diameter pores (see Fig.  1). The compact geometry of multi-
micro glass channels is an ideal structure for fine spatial resolution realization. However, the composition 
of a commercial available MCP provides very low neutron sensitivity. Methods for implanting neutron 
sensitive nuclides into MCP glass should be researched. NOVA Scientific have successfully doped 10B 
and natGd into the glass of MCP. They have used 10B doped MCP to image thermal and cold neutron with 
sub 15ȝm spatial resolution [4] [5]. However, doping concentration is limited by the production process of 
MCP glass, which leads to the low density of neutron sensitive nuclides that hinders the improvement of 
detection efficiency. 
 
Fig.  1 the detailed structure of MCP (the scale bar in the highest-magnification image is 10 Pm) 
We introduce here another neutron sensitive nuclides implanting method that plates gadolinium oxide 
on the inner surface of MCP pores. The layer would be 100nm to 1ȝm thick and with high nuclide density 
that helps achieve large detection efficiency. Simulation is conducted to research the coating parameters 
and performance of coated MCP. The coating process and result are illustrated. natGd doped MCP is also 
simulated for the comparison. 
2. Simulation of thermal neutron detection with MCP 
2.1. Detection efficiency 
We research the relationship of neutron detection efficiency versus coating thickness. MCNP5 is used 
to track neutron’s penetration in MCP glass and the outgoing process of internal conversion electrons 
from coated layer into pores. As shown in Fig.  2, incident neutron enters MCP and may be absorbed by 
155,157Gd in the glass with (n, Ȗ) neutron capture reaction that is followed with internal conversion electron 
to form electric signal in MCP. All the detection process can be divided into three consecutive steps. 
First, uncharged neutrons are converted into charged electrons. P1, Pne are used to characterize this step. 
P1 is the neutron absorption probability by single glass wall with two coated layers. Pne, which is 0.794, is 
the internal conversion electrons (29.3~180.6KeV) yield after each natGd neutron absorption [6]. Second, 
the range of energetic conversion electrons is decades of microns that is larger than the thickness of single 
wall and two coating layers (W=2.75ȝm and T<=1ȝm), so each isotropically outgoing electron has an 
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average probability P2, which is related with its birth place, to escape to the vacancy of pores before the 
kinetic energy is exhausted by the ionization process. Third, the electron's ionization before its escape and 
after its hitting on the wall again will induce the surface of pores to emit secondary electrons which will 
be multiplied under the electric field formed by high voltage applied on the two opposite surfaces of 
MCP. The movement of multiplied electrons will be inducted and form electric signal to be analyzed by 
circuits. The probability of observing multiplied electrons outside MCP is defined as P3 which is almost 1 
due to the excellent electron multiplication capacity of MCP. Beside the neutron absorption of P1 in one 
MCP wall, neutron still has smaller probability to transmit in second or more walls. So the detection 
efficiency of neutron in coated MCP is as the following equation: 
1 2 3( ) 1 (1 )
nP n P P Pª º   u u¬ ¼                                                     (1) 
Where n is the number of walls that neutron penetrates.  
           P1 is the probability of neutron absorbed by one wall and two coatings. 
           P2 is the probability of electron escaping to the MCP pore. 
           P3 is the probability of multiplied electrons to be observed. 
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Fig.  2 Neutron absorption with natGd in MCP 
The calculation is based on the MCP with L=510ȝm, P=16.25ȝm and W=2.75ȝm. Simulation results 
are shown in Fig.  3. As a comparison, we also research the efficiency of natGd doped MCP neutron 
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detector. The calculation process is the same as mentioned above for coating case and the result are shown 
in Fig.  4. 
 
Fig.  3 25.3meV neutron detection efficiency of natGd2O3 coated MCP 
 
Fig.  4 25.3meV neutron detection efficiency of natGd doped MCP 
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 From the simulation results shown above, MCP coated with 0.1ȝm and 0.2ȝm thick natGd2O3 could 
respectively provide at least 40%@25.3meV and 60%@25.3meV detection efficiency. Detection 
efficiency could be increased to about 70% with 0.4ȝm or thicker natGd2O3 coated MCP. For natGd doped 
MCP, detection efficiency is almost among 30% to 60% with different doping concentration. Under our 
current doping technique, the mole fraction of natGd2O3 in the matrix of other stuff in the substrate is less 
than 9%, so the detection efficiency is restricted to about only 50%. So natGd2O3 coated MCP is believed 
as better choice for high detection efficiency realization. 
2.2. spatial resolution 
Because the range of conversion electrons in MCP and natGd2O3 layer is much larger than the thickness 
of single wall and two coating layers, it will not be localized only within one or two pores. As shown in 
Fig.  5, these outgoing electrons are emitted in all directions with different attenuation in glass wall and 
coating. Electrons emitted with direction perpendicular with the pore wall might penetrate more pores 
than the other direction of electrons so the former situation is considered to research the spatial resolution. 
The number of walls and coatings being traversed by the electron was investigated by MCNP simulation. 
 
Fig.  5 The conversion electrons penetrate MCP pores 
 
Fig.  6 The attenuation of electron in natGd2O3 coated MCP 
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Fig.  7 The attenuation of electron in natGd doped MCP 
 
 
As shown in Fig.  6 for 0.1ȝm and 0.2ȝm thick natGd2O3 coated MCP, at least 65% electrons will be 
located inside the range of 3 pores indicating electron path length of less than 50ȝm. With the increase of 
natGd2O3 film thickness, this proportion is up to more than 80%. For natGd doped MCP in Fig.  7, about 
60% electrons will be located inside the range of 3 pores and the spatial resolution will be a little worse 
than natGd2O3 coated MCP. Conversion electrons with other directions will have greater attenuation than 
the case mentioned above. So, for both coated and doped MCPs, the spatial resolution could be better than 
100ȝm. 
3. Realization of natGd2O3 coating with ALD technique 
Atomic layer deposition (ALD) technique is used here to implement the coating process. Atomic layer 
deposition systems include two or more source gas delivery systems with high actuation speed valves to 
control the length of gas pulses. The gases are introduced into a heated deposition chamber. Vacuum 
pump is used to control the system pressure, gas flow and insure rapid purging of the chamber after each 
deposition cycle. A coating layer will be formed with chemical reaction happening on the surface of 
substrate by precursors. ALD technique can provide homogeneous coating layer with good conformality 
even in large L/D (2000:1 or more) channels which is 37.8 in this research. In this study, the natGd2O3 thin 
film has been deposited  using Gd(thd)3  and O3 precursors [7]. 
At first, deposition was attempted with the temperature range of 150-170°C for Gd(thd)3 precursor and  
300°C for ALD reaction chamber. A precursor pulsing time of 1.0 second and a purging time of 3.0 
seconds were used. HITACHI S-5500 SEM (Scanning Electron Microscope) was used to analyze the 
coating result. The SE (Second Electron) and BSE (Backscattering Electron) results are shown in Fig.  8, 
and we can see a very thin film at the fracture position of the MCP pore. Fig.  9 shows the EDS (Energy 
Dispersive Spectrometer) result of the thin film. The distribution of gadolinium is at the edge of pore and 
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wall. The distribution of Si and O is at wall because they are the network former of glass. Carbon is 
necessary for the scanning process of SEM and its distribution is at both pore and wall. 
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Fig.  8 The secondary electron (a) and backscattering electron (b) results of SEM 
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Fig.  9 The EDS results of coating layer 
Table 1 Parameters of natGd2O3 film production with ALD technique 
No. Cycles Temperature of Gd Precursor Temperature of Chamber 
1 9000 150°C 300°C 
2 12000 150°C 300°C 
3 15000 150°C 300°C 
4 31000 160°C 300°C 
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To investigate the relationship of coating thickness versus operating parameters, we varied the coating 
cycles and working temperature as shown in Table.1. The thickness of natGd2O3 film of different cycle 
number is shown in Fig.  10. 
 
Fig.  10 Coating thickness of natGd2O3 for different cycles 
As shown in Fig.  10, coating thickness of natGd2O3 film increases with the augmentation of cycle 
number. Compared with the increase of natGd2O3 coating thickness among MCP samples of 9000, 12000 
and 15000 cycles, the increase between MCP samples of 15000 and 31000 cycles is very significant. This 
indicates 160°C of Gd(thd)3 precursor temperature is more conducive for the coating than 150°C. In MCP 
sample of 31000 cycles, 100nm natGd2O3 film has been achieved. In Fig.  11, at the entrance of MCP pore, 
the thickness of the natGd2O3 film is even about 200nm. 
 
Fig.  11 Thickness of the natGd2O3 film is about 200nm. 
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4. Conclusion 
We demonstrate the feasibility of neutron detector design with coated MCP. Simulation results show 
that neutron detection efficiency of 70%@25.3meV could be achieved by natGd2O3 coated MCP and 60% 
for natGd doped MCP. The spatial resolution could be better than 100ȝm. The ALD technique is used for 
the implementation of coated MCP preliminarily. 100nm of natGd2O3 layer is successfully plated on the 
inner surface of MCP pores. Future work of neutron collimator and detector will be continued based on 
these coated MCP. 
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